Discharge of cooling water from power plants has various effects on the ecosystem in coastal areas. The effect on primary production due to the rise in temperature in the outlet area and the decimation of zooplankton organisms passing through the cooling system of the power plant can be calculated by means of mathematical models.
INTRODUCTION
In recent years, it has become increasingly apparent that managing thermal effluents must involve an evaluation of the ecological consequences for the receiving waters.
A quantitative description of ecosystem changes allows power plant planners to evaluate the possibility of violation of immission standards for the receiving area.
Changes in the biological and chemical processes are caused by a combination of increased temperature, entrainment of organisms in the cooling water system and altered hydraulic conditions. The complex interrelations between these factors will in most cases necessitate the use of mathematical models in order to obtain a quantitative description.
This approach has been used in the planning of several power plants in Denmark (1) .
This paper deals with the use of modelling in the planning of an extension of the Vendsyssel Power Plant at the Limfjord in northern J�tland, re Fig. 1 . The extension would result in a maximum cooling water flow of 33 m /s with an excess temperature of 9 °C . Location of model area.
The investigation was carried out in 1980 in co-operation with the Danish Hydraulic Institute for the Nordkraft/NEFO Power Company.
THERMAL EFFECTS
The main biological result of a rise in water temperature is an increase in the process rates, which means that the flow of energy and substances in the ecological system accelerates.
The rate of formation of organic matter as well as the rate of decomposition will increase. This means that no overall changes in the biomass of animals and plants should be expected, but different parts of the biological system can be affected considerably in short periods. As an example the rise in temperature will have an effect on the algae spring bloom, since the growth rate is temperature dependent.
ENTRAIN M ENT
Primary production of phytoplankton is sometimes affected by passage through the cooling system of a power plant. This is probably due to physical damage of the algae (2) .
The phytoplankton has a high reproductive ability, which means that a reduction in the amount of algae biomass due to entrainment is quickly restored.
A considerable part of the zooplankton is lost in the coolinq water (3). (4) . the larqest species beinq qenerally the most vulnerable. Larqe zooplankton species. such as medusae and ielly fish. are totally exterminated. while the smaller zooplankton species. such as copepods. are only partly destroyed. The reduction in zooplankton biomass due to entrainment will have secondary effects on the biological system, as the grazing of phytoplankton will be reduced resulting in an increasein the phytoplankton biomass.
Some fish eggs and fry will also be killed, due to entrainment, together with the zooplankton. In this way the food chain converting phytoplankton to food for fish is partly inhibited.
HYDRAULICS
The hydraulics of the Limfjord have been described by a i-dimensional hydro dynamic and transport dispersion model covering the eastern part of the Limfjord. The level and flow are calculated in 33 points in the model, see Fig. 2 . Calculations with the hydraulic systems described were performed for a design period lasting 30 days. In this period, the frequency and duration of the different hydraulic conditions were comparable with the conditions occuring during an average year.
ZOOPLANKTON MODEL
Investigations of the composition of the zooplankton in the investigation area of the Lirofjord show that the major part of the zooplankton consists of copepods and daphnia. These species have a considerable growth potential, which can compensate for the reduction in biomass due to entrainment. This regenerating effect is described in a logistic growth model:
where z zooplankton biomass r maximal specific growth rate B the carrying capacity of the zooplankton population. This model has been described by Rhodenhuis (7) and llsed in other investigations of the influence of thermal effluents (8).
It is assumed that all zooplankton is killed while passing through the cooling system of the power plant. To describe the spatial variation of the zooplankton biomass influenced by entrainment, the zooplankton model was combined with the 2-dimensional hydraulic model.
Zooplankton Modelling Results
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The simulations were carried out with a zero growth rate, which is representative for medusae and fish eggs, and also with a growth rate r = 0. 1 day -l for copepods. The carrying capacity was arbitrarily assumed to be 100.
The resulting variation in concentration of zooplankton during the design period of the eastern and western edge of the model and at a point off the Vendsyssel Power Plant is shown in Fig. 4 and Fig. 5 at the different growth rates mentioned. Concentration of �ooplankton during the design period at the eastern and western edge of the 2-dimensional model and at a point off the power plant. Growth rate r = O. The results of the zooplankton simulations show that the concentration fields vary considerably depending on the direction and the velocity of the water flow. As a consequence, the calculated mean concentration field of the total design period would give a misleading picture of the actual effect of entrainment. The mean concentration field would be at a level considerably higher than the level generally seen during the design period.
PRIMARY PRODUCTION MODEL
The total effect of entrainment and rise in water temperature due to the outlet of cooling water is described by a primary production model. Temperature acts as forcing function and zooplankton enters as a state variable in the model. A short description of the model is given in the following. For a detailed description see Dahl-Madsen (9) .
Model description
The model describes the variation of carbon, nitrogen, and phosphorus in:
Phytoplankton Zooplankton "Detritus" Sediment Inorganic nutrients Benthic vegetation.
Important biological and chemical processes are:
Growth of phytoplankton Grazing by zooplankton Sedimentation of phytoplankton and "detritus" Mineralisation of organic matter in sediment Mineralisation of "detritus" Growth of benthic vegetation.
The growth of phytoplankton is related to intracellular concentrations of nitrogen and phosphorus, see Nyholm (10) . This is different from most eutrophication models. The state variables and processes in the model are shown as a flow diagram in Fig. 7 .
The forcing functions in the model are:
Surface light intensities water temperature Hydraulic conditions.
The influence of temperature on the biological/chemical process rates is shown in Fig. 8 .
If the temperature exceeds the optimal temperature ( T max ) ' the rate will decrease. The stimulating influence of the temperature on the rate of the processes at lower temperatures is described in the following way: On the average the rates of the biological processes are doubled with a temperature rise of 10 °C. This is equivalent to a temperature coefficient of 1.07. The expression above is only valid in a temperature range between 0 0c and 25 °C .
The surface water temperature in the summertime does not normally exceed 21 °c within the model area, and the excess temperatures are never above 4 °c outside the plume. A mass balance for each state variable in each node produces a set of differential equations by a stepwise integration method.
CALIBRATION OF THE PRIMARY PRODUCTION MODEL
The mathematical equation s in the primary production model include a large range of parameters. The values of these parameters are estimated using:
Direct measurements
The results of the model calculations are variations of concentrations of state variables and rates of processes.
Variations in primary production, phytoplankton, zooplankton, and nutrients have been measured throughout 1980 at the Vendsyssel Power Plant. In an intensive gauging period lasting 14 days from the 16th to the 30th of June, 1980, the variations in the primary production and the above mentioned state variables have been measured in 8 sampling stations in the model area. The location of the sampling stations is shown in Fig. 3 .
The total water exchange throughout a whole year was simulated in a single box, which then was coupled with the primary production model in the calibration phase to describe the variations in primary production rate and concentrations of plankton and nutrients.
The results of the calibration are shown in Fig. 9 . Generally the calibrated model is able to reproduce the levels and variations of state variables.
The ability of the primary production model to reproduce the horizontal variation in the state variables was tested in the System 11 model covering the Limfjord from L¢gst¢r to Kattegat (see Fig. 2 ). The mean values of the calculated concentrations in the intensive gauging period are compared to the mean values of the measured values in Fig. 10 . 9 C Iml/dag 16.
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B. Some of the discrepancies seen in the calibration results are probably due to both weaknesses in the model and in the estimation of actual loadings in the model area. The loadings were established from measurements carried out in 1973-75 during an investigation of the entire Limfjord. In the meantime loadings have increased /11/, b�t the estimate of the increase is rather uncertain and contributes to the uncertainty in the model calculations.
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The following weaknesses in the model description contribute as well:
variations in sedimentation velocities due to variations in hydraulic conditions and species succession are not included, variations in primary production rate due to phytoplankton succession are not included.
However, the fairly good agreement between measured and calculated values makes us believe that the model can be used to give a reasonable description of the effects from the outlet of cooling water.
MODELLING RESULTS.
PRIMARY PRODUCTION MODEL
The model calculations of the consequences of outlet of cooling water from the Vendsyssel Power Plant were carried out in the design period mentioned previously.
The effect of the outlet of cooling water is estimated by comparing the results obtained with and without cooling water. The flow of cooling water is 33 m 3 /s and the excess temperature is 9 °C.
The variations in concentrations of phytoplankton, zooplankton, and benthic vegetation at a point just outside the power plant are shown in Fig. 11 .
The calculations show only a minor increase in concentrations of phytoplankton and benthic vegetation, but a considerable decrease in zooplankton concentration. The changes in hydraulic conditions have an appreciable effect on the resulting concentrations.
The horizontal variations in phytoplankton and zooplankton concentrations are shown in Fig. 12 with water flowing in a westerly direction. Primary production and oxygen demand in sediments in this situation are shown in Fig. 13 .
The horizontal variations of the same state variables and processes in a situation with easterly water flow are shown in Fig. 14 and 15 .
The calculations show that the outlet of cooling water has a considerable effect on the process rates. On the other hand only minor Changes in state variables are calculated, except for zooplankton. The increased process rates (e.g. primary production and sedimentary oxygen demand) result in an increased daily variation in oxygen concentration in the area. This may cause severe oxygen depletion in the night, when no oxygen is produced by phytoplankton and benthic vegetation.
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DISCUSSION
The consequences of outlet of cooling water from the Vendsyssel Power Plant have been simulated partly by using a zooplankton model, describing the effects of entrainment on the population of zooplankton in the Limfjord near the power plant, and partly by using a primary production model taking into account both the rise in temperature in the receiving waters and the entrainment.
The modelling results give a relatively realistic picture of the extent of the effects on the ecological system. However, the models have certain limitations.
The hydraulic model describes the water body as fully mixed in the vertical direction. This is not true in the deeper parts of the model area and makes it impossible to simulate the actual oxygen depletion in the bottom layers. The description of sedimentation used in the primary production model is too simple, but will be improved in the future. A description of phytoplankton succession is necessary, since the different species have different sedimentation characteristics, just as a description of vertical water movements, which influence the sedimenta tion rate, is also needed. In shallow waters a description of resuspension will be very important. However, these problems are difficult to solve, but of great importance in the further development of the primarv production model.
Despite these limitations the models are considered to be of great value in the evaluation of effects of discharge on natural waters ind in the design of monitoring programs.
